DNA stably exists as a double-stranded structure due to hydrogen-bonding and stacking interactions between bases. The stacking interactions are strengthened when DNA is paired, which results in great enhancement of bending rigidity. We study the effects of this stacking-induced stiffness difference on DNA denaturation and bubble formations. To this end, we model double-stranded DNA as a duplex of two semiflexible chains whose persistence length varies depending on the base-pair distance. Using this model, we perform the Langevin dynamics simulation to examine the characteristics of the denaturation transition and the statistics of the bubbles. We find that the inclusion of the stacking interactions causes the denaturation transition to be much sharper than otherwise. At physiological temperature, the stacking interactions prohibit the initiation of bubble formation but promote bubbles, once grown, to retain the large size.
I. INTRODUCTION
DNA is a versatile biopolymer which displays various conformations to effectively keep and deliver its genetic information for biological functions. 1 At physiological conditions, it typically forms Watson-Crick's double strand structure via hydrogen-bonding between complementary bases and stacking interactions among bases. 2 The double-strand structure, in vivo, is opened by molecular machineries such as RNA polymerase to read DNA sequences during transcription and replication processes. 3 Without this enzymatic activity, the structural disruptions can also be induced by thermal energy. Upon heating at around 350 K, a doublestranded DNA ͑dsDNA͒ completely denatures into two single-stranded DNAs ͑ssDNA͒. 4 Melting curves obtained from UV absorption 4, 5 reveal that the denaturation occurs in an abrupt manner and exhibits basically multisteps for heterogeneous long sequences. At physiological temperatures, it can be locally opened to allow transient bubbles, 6, 7 whose relaxation times were estimated to typically several tens of microseconds by fluorescence correlation spectroscopy ͑FCS͒ measurement. 6 Thermal denaturation, regarded as a novel example of one-dimensional phase transition, has been long studied. 5, [8] [9] [10] [11] Recently, as biotechnology advances in a level to manipulate single biomolecule, understanding the thermal stability of DNA is also crucial to design stable DNA architectures 12 and DNA cloning experiment using polymer chain reaction.
Stacking interactions are complex noncovalent interactions arising from Van der Waals, hydrophobic, electrostatic interactions, etc., which make two neighboring bases preferentially form the face-to-face structure. 13 Their large energy costs ͑1 -2 kcal/ mol͒ ͑Ref. 14͒ for destackings make it difficult to disrupt the duplex structure at physiological conditions. Remarkably, an experiment 15 indicates that the base stacking contributes greatly to DNA rigidity compared to the phosphate backbone; meroduplexes, which have a gap filled with bases without the phosphate backbones at their middles, have persistence lengths whose values are about 90% of those of normal dsDNA. In general, the stacking interactions are much enhanced when two complementary strands bind together because bases are allowed to interact not only with adjacent intrabases but also with proximal interbases. 2, 16 As a result, a dsDNA becomes a stiff chain of persistence lengths of about 50 nm, 1 which is an order of magnitude larger than two times that ͑1-4 nm͒ ͑Ref. 17͒ of a ssDNA. The stacking-induced persistence length difference can schematically be depicted as a function of the base separation, as shown in Fig. 1͑a͒ . It has been shown that the stacking interactions and the stacking-induced chain stiffness difference are important factors to consider in understanding thermal openings of dsDNAs, i.e., denaturation and bubble formations. The experimentally obtained melting profiles can be quantitatively well explained by denaturation models which consider the base stacking. [18] [19] [20] The Peyrard-Bishop-Dauxois ͑PBD͒ model, which has a term describing the stacking-induced chain flexibility difference, 10 showed that the discontinuous multistep transition occurs only when the stacking term was included. 21 The sharp transition was also predicted in the generalized Poland-Scheraga ͑PS͒ model which explicitly includes the degree of freedom for the stacking. 22 Recently, simulations via the PBD model showed that transcription starting sites tend to form thermal bubbles of about ten base pairs more easily than other sites. 23 Intriguingly, this behavior can be obtained only in the presence of the stacking term. It is also conjectured that the long relaxation time of thermal bubbles observed by the FCS ͑Ref. 6͒ is due to the destackings of bases in the bubbles, which hinder the closings of the bubbles.
These studies proved quantitatively significant roles of the stacking interactions on the thermal opening phenomena. Yet, understanding and prediction on the observed results by simple argument or theory are difficult because most results were obtained at situations where other relevant factors, e.g., sequence correlation, play also a crucial role. For this reason, recently, an efficient approach based on the PBD model to predict the probability for the occurrences of thermal bubbles was developed. 24 Also, the PS-type distribution of bubble sizes, which is simple to understand and analytically derivable, was used to successfully explain the bubble size distribution for real sequences. 25 The main purpose of this paper is to elucidate clearly how the stacking-induced chain flexibility difference affects the thermal denaturation and bubble formations in dsDNAs. To this end, we generalize our previous DNA model, where a dsDNA is described simply as two wormlike chains ͑WLC͒ interacting each other via a pairing potential, 26 to capture the flexibility difference. In our new model, the persistence lengths of the WLC duplex are presumed to increase when they are in proximity due to the stacking and, otherwise, have the values of a ssDNA. We perform the Langevin dynamics simulation and compare the results with those of the previous model without the stacking interactions at same conditions. Surprisingly, we find that large bubbles can be more easily formed in the presence of the stacking interactions which overall suppresses the occurrences of bubbles to stabilize the duplex structure.
This separation-dependent flexibility resembles that of the PBD model. An important advantage of our model is that via WLC incorporating the bending energy, it can be brought into contact with the real DNA characterized by a persistence length, which the PBD model, incorporating the stretching energy, cannot. Recently, a theoretical work using an idea similar to ours was used to calculate the denaturation transition profile and the persistence length of a dsDNA as a function of temperature 27 and showed the importance of different bending rigidities between a double-and single-stranded DNAs on conformational changes of dsDNA. The paper is organized as follows. Section II introduces our DNA model in the frame of the WLC which incorporates the chain flexibility difference between locally singlestranded and double-stranded strands. Section III explains numerical procedure for simulation and parameter values, in particular, persistence lengths for dsDNA and ssDNA. In Secs. IV and V, we present and discuss our simulation results, i.e., melting curves and size distributions of bubbles at various temperatures, in comparison with the results in the absence of the stacking-induced chain flexibility difference. A brief summary and perspective are given in Sec. VI.
II. THE MODEL
We consider a double-stranded DNA as two semiflexible chains which are bound to each other due to base pairing at physiological conditions. The free energy function of two single strands of N bases each, given the positions of the bases, is written as
where r n ͑i͒ is the three-dimensional position of nth base in i strand. The first term accounts for the energy cost to bend three consecutive intrabases by an angle specified by ͑r n+1 − r n ͒ · ͑r n − r n−1 ͒. The second term is a potential energy of complementary bases, represented by the Morse potential,
where D and a −1 are its depth and range, respectively ͓see Fig. 1͑b͔͒ . The is an inter-base-distance dependent parameter, which is related to the bending modulus K and the persistence length L p , as shown next.
When the chain is regarded as a continuous string of contour length L, the first term in F describes the bending energies of WLC,
and l is the intrabase distance. The bending modulus K is given by
where L p is a persistence length of a single strand and T is the temperature ͑k B is the Boltzmann constant͒. Usually, the stiffness of a WLC is assumed to be uniform along the contour, so elastic behaviors of the WLC, e.g., end-to-end distance, can be explained by the single parameter L p . However, this assumption for L p is not always applicable to a dsDNA which can locally denature due to thermal fluctuation. As shown in Fig. 1͑a͒ , along the contour of the single dsDNA for double-stranded part, the persistence length is about 50 nm, whereas for single-stranded ͑denatured͒ part, it is put to be about 4 nm. Therefore, for a dsDNA at physiological temperature, it is reasonable that L p is viewed as a locally fluctuating variable along the strand. We here describe the local variation of L p by allowing it to change depending on base-pair distances, i.e.,
where r n represents the distance between nth base pairs ͑bp͒.
It is natural to consider the dependence on three consecutive base pairs shown above as it is to define the bending energy. Figure 1͑b͒ schematically shows the L p : ͑i͒ When the three bps have their distances at around the potential minimum r 0 , L p is L ds ͑half of the dsDNA persistence length͒ for the duplex to behave as a stiff chain of 2L ds . ͑ii͒ As their distances increase, L p decreases from L ds to L ss ͑the ssDNA persistence length͒ within the potential range a −1 . We propose the L p ͑r n−1 , r n , r n+1 ͒ to be of the form
to satisfy the criteria. Here, ⌬L p = L ds − L ss is the chain flexibility difference and ͑x͒ is a steplike function ͓see Fig.  1͑b͔͒ ,
which smoothly increases from 0 to 1. Its width c −1 is of the order of a −1 , as shown in Fig. 1͑b͒ . r 1/2 is defined as the midpoint at which L p is ͑L ds + L ss ͒ / 2. Importantly, in Eq. ͑2.6͒, L p can be lowered to L ss only when three adjacent bps denature, which will lead to a cooperative effect on base-pair openings.
A similar description was introduced to consider the chain flexibility difference in the PBD model. 10 It describes the stacking energy between adjacent intrabases basically as a harmonic spring with a bp-distance dependent spring constant k͑r n , r n−1 ͒ = K 0 ͑1+e −␣ ͑r n + r n−1 −2r 0 ͒͒. With appropriately chosen values of and ␣, k encompasses K 0 ͑1+͒ for bound bps and K 0 for unbound bps.
III. NUMERICAL PROCEDURE
The thermal motion of a base in viscous medium is described by the Langevin equation,
where ⌫ is a frictional coefficient per nucleotide and n ͑i͒ is the Gaussian and white noise satisfying We performed the Langevin dynamics simulations for dsDNA consisting of 300 bps at various temperatures. At t = 0, the dsDNA has a railroad-track-like configuration so that every bp distance is equal to r 0 . This configuration is disrupted by thermal fluctuation and the duplex exhibits denatured structures shown in Fig. 1͑a͒ . Numerically, a base pair is regarded as open if r − r 0 is larger than a cutoff distance ͑2 Å͒. We checked that the use of different cutoff values ͑e.g., 1.5 Å͒ does not change qualitatively simulation results investigated below, which are consistent with previous simulation studies. 10, 25, 26 For our main simulation, we used 50 nm for the persistence length of dsDNA ͑2L ds ͒ and 4 nm for that of ssDNA ͑L ss ͒; thus, ⌬L p = 21 nm, with c = ͱ 5 Å −1 in Eq. ͑2.7͒. Because the persistence length of ssDNA can be lowered to about 1 nm ͑bare rigidity of ssDNA͒ at high salt concentrations, 17 we also performed the case for ⌬L p = 24 nm and presented the results for comparison when needed.
To investigate clearly the effects of the chain flexibility differences, we also considered the case for ⌬L p =0 ͑where L ds = L ss =4 nm͒ with the same potential parameters. In this case, the double-stranded DNA simply behaves as a duplex of the persistence length 2L ss , independent of bp distance, which was investigated in our previous study.
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IV. DENATURATION
Our simulations show that upon heating, DNA duplexes denature into two ssDNAs at critical temperatures T c which depend on ⌬L p . We investigate their transitional behaviors by measuring the fraction of bound bp ⌰ as a function of temperature. Figure 2 shows the melting curves ͓⌰͑͒ versus ͑=T / T c ͔͒ for several values of ⌬L p : While the transition occurs smoothly in the absence of the chain flexibility difference, it occurs abruptly similar to a first-order transition in its presence. Remarkably, the duplex structure can be almost perfectly maintained, i.e., ⌰ Ϸ 1, for T Շ 0.96T c due to the stacking interactions. This is because ͑relatively flexible͒ ssDNAs become stiff when they are close each other. Due to this effect, each strand has much less chance to bend enough 
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to form a bubble. Very near to T c only does the thermal energy become large enough to overcome the bending as well as binding energies, in a highly cooperative manner to induce the sharp denaturation transition. To see how sensitive the transition sharpness is to the ssDNA persistence length ͑L ss ͒, we present the result for ⌬L p =24 nm ͑where L ss =1 nm͒ for comparison in Fig. 2 . It is clearly seen that the sharpness increases as ⌬L p is larger, but the difference is minor in the range of L ss from 1 to 4 nm. This allows us to use L ss = 4 nm as a ssDNA persistence length throughout our investigations and to study the stacking interaction effects on global and local denaturations.
We notice that those transitional behaviors shown in Fig.  2 are similar to those of previous simulation result via the PBD model. 10 Regardless of dissimilarity in incorporating the chain flexibility difference between the models, both show that the transition can become abrupt solely due to the flexibility difference without excluded volume effect between bases. Also within the PS model, Ref. 22 included base stacking energy explicitly and showed that the base stacking sharpens the transition.
V. BUBBLE
As depicted in Fig. 1͑a͒ , locally denatured structures are identified both as "bubble" if the unbound segments form a loop and as "fork" if the unbound segments have free ends. To obtain the distribution of the bubbles at a given temperature, we first extract several hundred equilibrium ensembles of the dsDNA base-pair distances ͕͑r n ͖͒ from the simulation and, then, count the occurrences of bubbles according to their sizes. We analyze this bubble size distributions ͑BSD͒ at various temperatures.
To clarify how bubble formation is affected by the stacking interactions, we compare the BSD for ⌬L p = 21 nm with that for ⌬L p = 0 at same values of ⌰ in Fig. 2 . Figure 3 shows the distributions obtained from the same numbers of ͕r n ͖ ensembles at ⌰ = 0.99 and 0.88. In both cases, the total numbers of bubbles found in the dsDNA for ⌬L p = 21 nm are always less than that for ⌬L p = 0 nm. It is striking, however, that bubbles larger than a certain size are more easily formed in the presence of the stacking interactions. These indicate that the stacking interactions make it difficult to initiate bubbles, but, once initiated, bubbles are encouraged to be larger.
Detailed investigation of the BSD shows that it follows the PS-type distribution,
which already has theoretically and numerically described well the BSD for various sequences, independent of DNA model. 11, 25, 26, 28 Three parameters appear in P͑n͒: ͑i͒ E i is an energy cost ͑in k B T͒ to initiate a bubble and = exp͑−E i ͒ is called the initiation factor, ranging from 10 −5 to 10 −3 . 4,5 ͑ii͒ ⌬͑T͒ is an average energy to unbind a bp which decreases to zero as T goes to T c . ͑iii͒ ␣ is a loop closure exponent associated with the factor n −␣ , which comes from the entropic penalty that two strands of each n-bp unbound segments form a single-stranded loop of 2n bases. Because n −␣ is valid for large n, Eq. ͑5.1͒ is applied to the bubbles whose sizes are larger than a certain value of the order of one. 8, 28 According to the PS theory, the denaturation transition is second order if 1 Ͻ ␣ ഛ 2 and first order if ␣ Ͼ 2.
The ␣ was shown to be about 1.7 for ⌬L p = 0 in our previous WLC model without the stacking interactions. 26 We check the possibility that the ␣ is changed by the stacking interactions. It can be obtained from the BSD in the vicinity of T c where ⌬ is almost zero and P͑n͒ϳn −␣ . The log-log plot in Fig. 4 illustrates that the BSD is indeed a power law for n տ 5 and ␣ Ϸ 1.7. It is interesting that the stacking interactions do not affect ␣, although they dramatically change the transitional behavior. This is presumably because dsDNA almost denatures near T c and, thus, already behaves similar to the duplex of semiflexible chains of L p = 4 nm.
With the value of ␣ obtained, we estimate ⌬ at various temperatures in Fig. 5 . These values lie in the range between 0.05k B T and 1k B T which was inferred from the FCS experiment of bubble relaxation dynamics by Altan-Bonnet et al. 6 Also, they are comparable with ⌬ obtained by the PBD model in Ref. 25 . In a reasonable way, ⌬͑T͒ tends to decrease as the temperature increases. Figure 6 shows ⌬ in comparison with that for the former, which is nearly twice larger than the latter, which means that the stacking interactions enhance the stability of DNA.
The increment of the bubble initiation energy E i due to the stacking interactions can also be inferred from the BSDs. Let us define a quantity N = ͚ n=1 ϱ e −E i −n⌬ / n ␣ , which is proportional to the total number of bubbles founded in the simulations. N can be rewritten as
where Li s ͑z͒ is a polylogarithm function. Equation ͑5.2͒ clearly manifests the significant role of E i on the occurrence of bubbles. From the total number of the bubbles, ␣, and ⌬ for ⌬L p = 21 and 0 nm, we can estimate the increased initiation energy ␦E i which is attributed solely to the stacking interactions. In the temperature range from 310 to 340 K, ␦E i is about 2 -3k B T, which is comparable with strengths of base stackings experimentally measured in literature. 2 The large value of E i , given a value of ⌰, makes dsDNAs prefer one large bubble rather than several small bubbles in opening base pairs. Therefore, as shown in Fig. 3 , large bubbles occur easily in the presence of the stacking interactions, while they overall suppress the occurrences of bubbles.
VI. CONCLUSION
Based on a wormlike chain model, we have introduced a dsDNA model which takes into account the increased chain stiffness when two ssDNAs form a duplex and studied this effect on thermal denaturation and bubble formations. The enhanced chain stiffness originates from stacking interactions which become stronger when two strands are close enough. We have found that the stacking interactions induce a first-order-like sharp denaturation and enhance the thermal stability of the double-stranded structure at physiological temperatures. We have also found that the bubble initiation energy ͑E i ͒ increases by several k B T due to the stacking interactions, which notably suppresses the occurrence of bubbles. On the other hand, the probability for large bubble occurrence is enhanced in the presence of the stacking interaction because one large bubble is energetically favorable than several small bubbles due to the large initiation cost. This intrinsic preference for formation of large bubbles may help external enzymes to open biologically specific sites, which could be used in vivo, e.g., in gene transcription.
Since our "breathing" DNA model is based on WLC, besides the thermal denaturation studied here, it can be used for other related issues where both base-pair openings and DNA mechanics should be considered. Examples are the mechanical unzipping of DNA, hairpin formation of short DNA segments, and DNA looping. In particular, associated with the looping, we are now investigating the effects of transient bubbles on overall mechanical properties of a dsDNA. 
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